Intrarenal serotonin, dopamine, and phosphate handling in remnant kidneys  by Berndt, Theresa J. et al.
Kidney International, Vol. 59 (2001), pp. 625–630
ION CHANNELS – MEMBRANE TRANSPORT – INTEGRATIVE PHYSIOLOGY
Intrarenal serotonin, dopamine, and phosphate handling
in remnant kidneys
THERESA J. BERNDT, MINGYU LIANG, GERTRUDE M. TYCE, and FRANKLYN G. KNOX
Departments of Medicine and Physiology and Biophysics, Mayo Clinic and Mayo Foundation, Rochester, Minnesota, USA
Intrarenal serotonin, dopamine, and phosphate handling in rem- with a remnant kidney exhibit increased DA synthesis
nant kidneys. per nephron [8]. Whether the same is true for serotonin
Background. Serotonin (5-HT) and dopamine (DA) are in- synthesis is unknown; however, it seems likely since tu-
trarenal autocrine/paracrine substances that regulate phosphate bular changes in the remaining nephrons of the remnantreabsorption. The present studies explored intrarenal serotonin
kidney include tubular enlargement and increased me-and DA metabolism and the implications for phosphate homeo-
tabolism [9, 10].stasis in rats with remnant kidneys, a model for renal failure.
Methods. The intrarenal productions of serotonin and DA The substrates for serotonin and DA, 5-HTP and
were determined from measurements of renal interstitial fluid l-DOPA, are avidly transported into proximal tubule cells
(microdialysate) and urine in rats with remnant or intact kid- by both the apical and basolateral membranes [5]. The
neys. In clearance studies, the effects of infusion of methio- enzyme l-aromatic amino acid decarboxylase (l-AADC)thepin, a serotonin receptor antagonist, or gludopa, a renal
is not thought to be a rate-limiting step in the synthesis ofselective DA precursor, on phosphate and sodium excretion
either serotonin or DA, since their synthesis is markedlywere determined in rats with a remnant or intact kidneys.
Results. Renal interstitial serotonin (5-HT, 3.4 6 0.9 pg/min) increased by infusion of their substrates under normal
was fourfold higher than DA (0.6 6 0.1 pg/min) in remnant conditions [11]. The outward transport of serotonin and
kidneys. Conversely, urinary excretion of serotonin was four- DA from proximal tubule cells most likely occurs by
fold less than DA in rats with a remnant kidney (5-HT 0.4 6 organic cation transporters that have been demonstrated0.02 vs. DA 1.5 6 0.1 ng/min). Infusion of methiothepin or
to be abundant in the apical membrane of the proximalgludopa significantly increased the fractional excretion of phos-
tubule [12, 13]. Another organic cation transporter hasphate (FEPi) in rats with a remnant kidney from 54 6 3 to 67 6
also been described for the basolateral membrane that7% (P , 0.05) and from 36 6 10% to 51 6 13% (P , 0.05),
respectively. has similar but not identical properties on a pharmaco-
Conclusion. We conclude that serotonin preferentially accu- logic basis [12, 13]. Transport across the basolateral mem-
mulates in the renal interstitium, whereas DA exits primarily brane occurs by a facilitated passive mechanism that is
via the tubular lumen. Phosphate excretion is increased by both
accelerated by the inside negative potential [12, 13].the acute infusion of the serotonin receptor antagonist and the
In studies performed using cultured LLC-PK1 cells,infusion of gludopa, suggesting that both serotonin and DA
l-DOPA was avidly transported across both apical andmodulate phosphate excretion in rats with remnant kidneys.
basolateral membranes; however, the exit of DA was five-
fold to sevenfold higher at the basolateral membrane
than the apical membrane [14]. In contrast, in vivo stud-Serotonin and dopamine (DA) are intrarenal auto-
ies used microdialysis to determine renal interstitial fluidcrine/paracrine substances that may have implications
concentrations of DA as well as urinary excretion of DAfor phosphate homeostasis in renal failure, since DA
during conditions of chronic sodium loading and the acuteinhibits and serotonin stimulates phosphate transport
infusion of gludopa [15]. In these conditions in which[1–4]. In the kidney, serotonin and DA are synthesized
renal DA synthesis was stimulated, renal interstitial fluidby the proximal tubule from their substrates, 5-hydroxy-
concentrations of DA were relatively unchanged, whereastryptophan (5-HTP) and l-3,4-dihydroxyphenylalanine
urinary DA excretion was increased [15]. These authors
(l-DOPA) [3–7]. A previous study reported that rats suggested that increased intrarenal synthesis of DA is
released predominantly into the tubule lumen. The efflux
Key words: l-aromatic amino acid decarboxylase, renal failure, methio- of serotonin across the apical and basal membranes has
thepin, 5-hydroxytryptamine. not been studied. Thus, in the present study, the intrarenal
synthesis/distribution of serotonin as well as DA in theReceived for publication January 20, 2000
and in revised form May 25, 2000 remnant and intact kidneys was determined as reflected
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Previous studies suggest that DA and serotonin are trations of serotonin or DA. Serotonin or DA concentra-
tions were measured in samples of perfusate and ofparacrine substances that modulate phosphate and so-
dium excretion [3, 4, 15–17]. In vitro studies in opossum dialysate. The differences between dialysate concentra-
tions and perfusate concentrations were plotted againstkidney cells demonstrated that DA inhibits whereas se-
rotonin enhances phosphate and sodium reabsorption the corresponding perfusate concentrations. The inter-
cept of the linear regression curve and the perfusate[3, 4, 15–17]. Since renal failure is characterized by phos-
phate retention [1, 2], changes in the intrarenal synthesis concentration axis, that is, the perfusate concentration
that is equal to dialysate concentration, represents theof either serotonin or DA may contribute to the abnor-
mal phosphate homeostasis in this condition. Therefore, actual concentration of the substance in the renal inter-
stitial fluid (Fig. 1).in the present studies, the effects of blockade of endoge-
nous serotonin receptors or increasing DA synthesis by
Microdialysis and clearance studiesinfusing DA substrate on phosphate excretion were eval-
uated in rats with remnant or intact kidneys. Approximately 13 weeks after renal ablation, rats were
anesthetized with a 100 mg/kg body weight intraperito-
neal injection of 5-sec-butyl-ethyl-2-thyobarbituric acid
METHODS
(Inactin; BYK Gulden, Konztanz, Germany) and placed
Remnant kidney surgery on a heated table to maintain body temperature between
368C and 388C. A tracheostomy was performed, and poly-Male rats weighing 200 to 250 g purchased from Harlan
Sprague-Dawley (Indianapolis, IN, USA) were used in ethylene catheters (PE-50) were placed in the left jugular
vein for infusions and in the left carotid artery for moni-this study. The rats were anesthetized with an intramus-
cular injection (0.1 mL/100 g body weight) of equal toring mean arterial pressure (MAP) and collection of
blood samples. A PE-90 catheter was placed in the blad-volumes of a solution of xylazine (20 mg/mL; Lloyd Lab-
oratories, Shenandoah, IA, USA) and ketamine hydro- der for collection of urine samples. An intravenous infu-
sion of 2% inulin in saline solution was infused at a ratechloride (Ketalar, 100 mg/mL; Parke-Davis, Morris
Plains, NJ, USA). Under aseptic conditions, sham sur- of 2 mL/100 g body weight/hour. All experiments were
performed in rats with intact parathyroid glands.gery or right nephrectomy and surgical ablation of the
left renal poles were performed by methods previously
Group 1: Intrarenal synthesis of serotonin anddescribed by our laboratory [8, 18]. This renal ablation
DA in rats with intact kidneys (N 5 5)procedure resulted in a 60.6 6 0.5% reduction in renal
mass. The hypertrophy that results in rats with reduced The left kidney was exposed, and a 5 mm dialysis probe
(30 kD; Bioanalytical Systems, West Lafayette, IN,renal mass is due to increases in nephron size rather
than in number [9]. USA) was placed in the renal cortex and infused with a
Ringer’s solution at a rate of 1 mL/min. Ten microliters
Renal microdialysis technique of sodium metabisulfite and 10 microliters of cysteine
were added to the dialysate, and acetic acid (0.1 cc) wasThe relative recovery of serotonin and DA in microdi-
alysis was estimated by in vitro microdialysis. Microdia- added to the urine collection to prevent degradation. Dial-
ysate and urine samples were collected for 60 minutes andlysis membranes were immersed in a beaker containing
either DA (20 pg/mL) or serotonin (10 pg/mL) in Ringer’s then immediately frozen for subsequent analysis.
solution supplemented with sodium metabisulfite and
Group 2: Intrarenal synthesis of serotonin andcysteine. The dialysis membranes were perfused with a
DA in rats with a remnant kidney (N 5 7)Ringer’s solution at rates of 1, 3, and 5 mL/min. At a
perfusion rate of 1 mL/min, the relative recovery rates of This protocol is identical to group 1; however, these
rats underwent prior renal ablation surgery.5-HT and DA were 25% and 40%, respectively (N 5 4).
Actual concentrations of serotonin and DA in the
Group 3: Time control experiments in rats withrenal interstitial fluid in normal rats (N 5 4) were esti-
intact kidneys (N 5 6)mated by gradient microdialysis. The estimation was
based on the assumption that when the dialysate concen- In this protocol, no dialysis membrane was implanted,
and 0.9% NaCl was infused continuously. A control 30-tration of the substance is equal to the perfusate concen-
tration, that is, when there is zero net flux of the substance minute clearance was taken. After a 30-minute equilibra-
tion period, a second 30-minute clearance was taken.through the microdialysis membrane, the interstitial fluid
concentration of the substance will also be equal to the
Group 4: Time control experiments in rats withperfusate concentration. Male Sprague-Dawley rats were
a remnant kidney (N 5 5)prepared for kidney microdialysis study (discussed later
in this article). The microdialysis membranes were per- This protocol is identical to group 3 except that these
rats underwent renal ablation surgery.fused with Ringer’s solution containing various concen-
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Group 8: Effect of gludopa infusion on phosphate
excretion in rats with a remnant kidney (N 5 5)
This protocol is identical to group 7; however, these
rats underwent renal ablation surgery.
Chemical assays
Concentrations of free DA and serotonin were deter-
mined in samples of perfusate, dialysate, and urine. Urine
samples (0.3 mL) were applied to a weak cation exchange
resin (Amberlite CG-50) at pH 6.1, and DA and seroto-
nin were eluted together with 5 mL of 1 mol/L acetic acid.
Separation of DA and serotonin in the eluates was achieved
by reverse phase chromatography using 4.6 mm 3 25 cm
Ultrasphere (Beckman Instruments, Fullerton, CA, USA)
columns. The mobile phase for separation was composed
of 0.07 mol/L phosphate buffer, 0.2 mmol/L disodium
ethylenediaminetetraacetic acid (EDTA), 0.7 mmol/L
heptane sulfonate, and 4% acetonitrile (vol/vol) at pH
3.65. Amperometric detection was performed using Bio-
analytical Systems electrodes at 0.65 V relative to silver/
silver chloride electrodes. Elution of DA and serotonin
occurred typically at 9 and 50 minutes, respectively. Quan-
titation of the amines was by comparing peak heights of
DA and serotonin in the eluates with those of known
concentrations of standard compounds. The recovery for
DA and serotonin in urine was approximately 85%. The
data presented for serotonin and DA are not corrected
for recoveries. Dialysates and perfusates were diluted
1:4 in 0.01N HCl and injected directly on the high pres-
Fig. 1. Concentrations of serotonin (5-HT, A) and dopamine (DA, B) sure liquid chromatography (HPLC) without prior sepa-
in rat renal interstitial fluid in rats with intact kidneys were estimated ration on the cation exchange resin.
by gradient microdialysis. Concentrations of serotonin and DA in rat
Inulin concentrations in plasma and urine were mea-renal interstitial fluid deduced from these curves were 5.22 and 2.17 pg/mL,
respectively (N 5 4). sured by the anthrone method [20]. Phosphate concen-
trations were determined by the Chen, Toribara, and War-
ner method [21]. Sodium concentrations in plasma and
urine were measured by using flame photometry (Instru-
Group 5: Effect of methiothepin infusion on phosphate
mentation Laboratory, Lexington, MA, USA).
excretion in rats with intact kidneys (N 5 6)
After the 30-minute control clearance, methiothepin, Statistical analyses
a serotonin receptor antagonist, was administered intra- The data are presented as the mean 6 SEM. Compari-
venously (100 mg/kg 1 30 mg/kg/hour). After a 30-minute sons between groups were made by an unpaired t test
equilibration period, a second clearance was taken. and within groups by a paired t-test. A P value ,0.05
was considered statistically significant.
Group 6: Effect of methiothepin infusion on phosphate
excretion in rats with a remnant kidney (N 5 6)
RESULTSThis protocol is identical to group 5; however, these
rats underwent renal ablation surgery. Results of studies in which gradient microdialysis was
performed in normal rats are depicted in Figure 1. A
Group 7: Effect of gludopa infusion on phosphate linear relationship was found between perfusate concen-
excretion in rats with intact kidneys (N 5 6) trations and the differences between dialysate concentra-
tions and perfusate concentrations (for 5-HT, r 5 0.854,The protocol is identical to group 5 except that glu-
dopa, a renal selective DA precursor [19], was infused P , 0.001; for DA, r 5 0.936, P , 0.001). Concentrations
of 5-HT and DA in the rat renal interstitial fluid under(10 nmol/kg bolus 1 0.79 nmol/kg/min). After a 30-min-
ute equilibration period, a second 30-minute clearance baseline conditions deduced from these curves were 5.22
and 2.17 pg/mL, respectively. Following the conventionwas taken.
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Fig. 2. Production/distribution of free sero-
tonin (5-HT) and dopamine (DA) in renal
interstitial fluid (RIF) dialysate and in urine
in rats with a remnant (h; N 5 7) or intact
(j; sham, N 5 5) kidneys. Data are mean 6
SEM.
Table 1. Effect of methiothepin on clearance parameters in ratsof Wang et al, the renal interstitial production/distribu-
with a remnant or intact kidneys
tion of serotonin and DA reported in the rest of the
Sham (N56) Remnant kidney (N56)manuscript were calculated from the dialysate concentra-
Control Methiothepin Control Methiothepintions of serotonin and DA (pg/mL) and the interstitial
perfusate rate of 1 mL/min and expressed in pg/min [15]. MAP mm Hg 10267 10366 11567 11567
GFR mL/min 2.660.2 2.860.4 1.260.2b 1.260.3The intrarenal synthesis of serotonin and DA from
PPi mmol/L 1.860.1 1.660.1 2.160.1b 2.160.1rats with intact and remnant kidneys is summarized in
FEPi % 4063 4563a 5463b 6767aFigure 2. Absolute serotonin excretion was 0.4 6 0.1 FENa % 0.360.1 0.560.1 0.760.4 0.960.4
ng/min in the rats with a remnant kidney and 0.7 6 0.03 Abbreviations are: MAP, mean arterial pressure; GFR, glomerular filtration
rate; PPi, plasma phosphate concentration; FEPi, fractional excretion of phosphate;ng/min in the sham rats. Absolute DA excretion was
FENa, fractional excretion of sodium; N, number of animals.1.5 6 0.1 ng/min in rats with a remnant kidney and a Indicates a significant difference Control vs. Methiothepin, P , 0.05, paired
t test3.0 6 0.4 ng/min in rats with intact kidneys. Excretion
b Indicates a significant difference RK vs. sham, unpaired t testof serotonin was approximately fourfold less than DA,
whereas concentrations of serotonin in the renal intersti-
tial fluid were higher than those of DA. Renal interstitial
serotonin was similar in rats with a remnant kidney (3.4 6 3% (P , 0.05; Fig. 3). The increase in phosphate excre-
tion tended to be greater in rats with a remnant kidney,0.9 pg/min) and in rats with intact kidneys (3.6 6 0.9
pg/min). Likewise, renal interstitial DA was similar in although this phosphaturia was not significantly greater
than rats with intact kidneys. The fractional excretionrats with a remnant kidney (0.6 6 0.1 pg/min) and in
rats with intact kidneys (0.8 6 0.2 pg/min). Once again, of sodium (FENa), GFR, and MAP were stable through-
out the experiment. In the time control group with intactconsistent with the pilot studies, renal interstitial seroto-
nin was approximately fourfold higher than DA. kidneys, GFR (D1.3 6 0.9 mL/min), FEPi (D4 6 2%),
FENa (D0.2 6 0.1%), PPi (D0.2 6 0.1 mmol/L), and MAPThe effects of infusion of methiothepin on renal func-
tion are summarized in Table 1 and Figure 3. The groups (D7 6 4 mm Hg) were stable throughout the experiment.
Likewise, in the time control group with a remnant kid-of rats with remnant kidneys had a significantly lower
glomerular filtration rate (GFR) compared with the sham ney, GFR (D0.3 6 0.5 mL/min), FEPi (D6.7 6 2.5%),
FENa (D0.2 6 0.2%), PPi (D0.2 6 0.2 mmol/L), and MAPrats. Basal fractional excretion of phosphate (FEPi) was
significantly higher (54 6 3%) compared with the sham (D1 6 9 mm Hg) were unchanged throughout the experi-
ment.rats (40 6 3%). Plasma phosphate concentrations (PPi)
were also significantly higher in the rats with a remnant The effects of infusion of the renal selective DA pre-
cursor gludopa on renal function are summarized in Ta-kidney (2.1 6 0.1 mmol/L) compared with the sham rats
(1.8 6 0.1 mmol/L). The infusion of methiothepin in the ble 2 and Figure 3. GFR was significantly lower in rats
with a remnant kidney than in sham rats. Basal FEPirats with a remnant kidney significantly increased the
FEPi from 54 6 3% to 67 6 7% (P , 0.05) and in rats tended to be higher in the rats with a remnant kidney,
and basal plasma phosphate concentrations were signifi-with intact kidneys FEPi increased from 40 6 3% to 45 6
Berndt et al: Intrarenal serotonin and DA 629
Table 2. Effect of gludopa on clearance parameters in rats with a
remnant or intact kidneys
Sham (N56) Remnant kidney (N55)
Control Gludopa Control Gludopa
MAP mm Hg 14367 14265 153615 139616
GFR mL/min 4.360.8 4.760.5 1.260.4b 1.560.3
PPi mmol/L 1.360.1 1.260.1 2.160.5b 2.260.7
FEPi % 2566 3767a 36610 51613a
UVDA ng/min 2.960.4 5.760.8a 1.260.4 2.160.4a
FENa % 0.460.2 0.460.2 0.760.3 1.160.7
Abbreviations are: MAP, mean arterial pressure; GFR, glomerular filtration
rate; PPi, plasma phosphate concentration; FEPi, fractional excretion of phosphate;
UVDA, urinary excretion of dopamine; FENa, fractional excretion of sodium; N,
number of animals.
a Indicates a significant difference Control vs. Gludopa, P , 0.05, paired t test
b Indicates a significant difference RK vs. sham, unpaired t test
Fig. 3. Effect of infusion of serotonin receptor antagonist, methio-
thepin, or the DA precursor gludopa on the increase in the fractional
excretion of phosphate (DFEPi) in rats with remnant (h; RK, N 5 6 urinary excretion of serotonin is lower than DA, sug-for methiothepin and N 5 5 for gludopa infusion) or intact (j; sham,
gesting that serotonin preferentially exits the basolateralN 5 6 for methiothepin infusion and N 5 6 for gludopa infusion)
kidneys. Data are mean 6 SE. *P , 0.05, compared with control. membrane, whereas DA exits the cell primarily across
the apical membrane.
Infusion of a serotonin receptor antagonist or DA
prodrug resulted in increases in phosphate excretion incantly higher in the rats with a remnant kidney (2.1 6
rats with remnant or intact kidneys. Although serotonin0.5 mmol/L) than in rats with intact kidneys (1.3 6 0.1
receptors have not been identified on the proximal tu-mmol/L, P , 0.05). Infusion of gludopa significantly in-
bule, studies by Hafdi et al [3] and de Toledo et al [4]creased FEPi from 36 6 10% to 51 6 13% (P , 0.05)
have consistently demonstrated that phosphate transportin rats with a remnant kidney and from 25 6 6% to
is enhanced in opossum kidney cells, a proximal tubule37 6 7% (P , 0.05) in rats with intact kidneys. The
cell line, by the addition of serotonin or by its substratephosphaturic response to gludopa infusion was similar
[3]. It is also noteworthy that when the human 5-HT1Ain rats with intact or remnant kidneys. DA excretion was
receptor was expressed in HeLa cells, sodium-dependentincreased by approximately twofold by gludopa infusion
phosphate transport was also stimulated via protein ki-in rats with a remnant kidney and rats with intact kidneys.
nase C, and this effect was blocked by methiothepin [23].
Receptors for DA have been persuasively demonstrated
DISCUSSION on both apical and basolateral membranes of the proxi-
mal tubule [24].It is known that the proximal tubules are endowed
with mechanisms that allow for the synthesis and release Infusion of methiothepin, a serotonin receptor antago-
nist, selectively increased phosphate excretion in ratsof DA and serotonin in close proximity to their sites of
action. Consistent with the study by Wang et al [15], with remnant or intact kidneys. The increase in phos-
phate excretion tended to be greater in the rats withbasal renal interstitial fluid dialysate concentrations of
DA were similar to those found in the present study. a remnant kidney, although this phosphaturia was not
significantly greater than that seen in intact rats. It isConcentrations and production of serotonin in renal in-
terstitial dialysate have not been previously determined. also important to note that infusion of the serotonin
receptor antagonist did not change the GFR or sodiumHowever, the urinary excretions of serotonin and DA
in the present study are similar to those reported by excretion. Previous studies demonstrated that infusion
of serotonin or 5-HTP, to increase intrarenal serotoninothers [11, 22] in which serotonin excretion is less than
DA. Thus, if DA is preferentially transported to the synthesis, decreased sodium excretion. However, the de-
creases in sodium excretion were associated with de-tubule lumen, this is a possible explanation for the
greater urinary excretion of DA than serotonin. Like- creases in the GFR [25]. Methiothepin is a serotonin
receptor antagonist that was previously reported to bluntwise, in the studies by Wang et al, both chronic sodium
loading and infusion of gludopa, maneuvers that in- the serotonin-induced decrease in forskolin or parathy-
roid hormone-stimulated cAMP levels in opossum kid-creased intrarenal DA synthesis, increased the urinary
excretion but did not appreciably increase renal intersti- ney cells [26–28]. Another in vivo study that infused me-
thiothepin at an identical dose as in the present studytial fluid concentrations of DA [15]. The present study
also demonstrated that renal interstitial fluid (dialysate) demonstrated that methiothepin enhanced the phospha-
turic response to parathyroid hormone in phosphate-concentrations of serotonin are higher than DA, whereas
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10. Harris DCH, Chan L, Schrier RW: Remnant kidney hypermeta-deprived rats and that the decrease in GFR induced by
bolism and progression of chronic renal failure. Am J Physiolexogenous serotonin was abolished by methiothepin [29]. 254:F267–F276, 1988
Infusion of gludopa resulted in an approximately two- 11. Itskovitz HD, Chen Y-H, Stier CT Jr: Reciprocal renal effects of
dopamine and 5-hydroxytryptamine formed within the rat kidney.fold increase in DA excretion and selective increases in
Clin Sci 75:503–507, 1988phosphate excretion that were similar in rats with rem-
12. Gru¨ndemann D, Ko¨ster S, Kiefer N, et al: Transport of mono-nant or intact kidneys. Gludopa is a renal selective DA amine transmitters by the organic cation transporter type 2, OCT2.
precursor due to its sequential conversion in the proxi- J Biol Chem 273:30915–30920, 1998
13. Gru¨ndemann D, Babin-Ebell J, Martel F, et al: Primary structuremal tubules of the kidney by g-glutamyl transpeptidase
and functional expression of the apical organic cation transporterto l-DOPA, which, in turn, is converted to DA [30, 31].
from kidney epithelial LLC-PK1 cells. J Biol Chem 272:10408–Thus, the elevated basal phosphate excretion in rats with 10413, 1997
a remnant kidney is further increased by acute increases 14. Soares-da-Silva P, Serrao MP, Vieira-Coelho MA: Apical and
basolateral uptake and intracellular fate of dopamine precursorin DA synthesis.
l-dopa in LLC-PK1 cells. Am J Physiol 274:F243–F251, 1998In conclusion, serotonin concentrations are approxi-
15. Wang Z-Q, Siragy HM, Felder RA, et al: Intrarenal dopamine
mately fourfold higher than DA concentrations in renal production and distribution in the rat. Hypertension 29:228–234,
interstitial fluid, but the opposite is true for the urinary 1997
16. Soares-da-Silva P, Vieira-Coelho MA, Pinto-do-O´ PC, et al:excretions of serotonin and DA, suggesting that serotonin
Studies on the nature of the antagonistic actions of dopamine andpreferentially exits the basolateral membrane, whereas DA
5-hydroxytryptamine in renal tissues. Hypertens Res 18:S47-S51, 1995
exits the apical membrane. Phosphate excretion is in- 17. Eklo¨f A-C, Holtba¨ck U, Sundelo¨f M, et al: Inhibition of COMT
induces dopamine-dependent natriuresis and inhibition of proxi-creased by the acute infusion of the serotonin receptor
mal tubular Na1,K1-ATPase. Kidney Int 52:742–747, 1997antagonist methiothepin and by the DA precursor gludopa.
18. Isaac J, Berndt TJ, Knox FG: Role of dopamine in the exagger-
ated phosphaturic response to parathyroid hormone in the remnant
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